The seismic discontinuity at 410 km depth in the Earth's mantle is generally attributed to the phase transition of (Mg,Fe) 2 SiO 4 (refs 1, 2) from the olivine to wadsleyite structure. Variation in the depth of this discontinuity is often taken as a proxy for mantle temperature owing to its response to thermal perturbations. For example, a cold anomaly would elevate the 410-km discontinuity, because of its positive Clapeyron slope, whereas a warm anomaly would depress the discontinuity. But trade-offs between seismic wave-speed heterogeneity and discontinuity topography often inhibit detailed analysis of these discontinuities, and structure often appears very complicated. Here we simultaneously model seismic refracted waves and scattered waves from the 410-km discontinuity in the western United States to constrain structure in the region. We find a lowvelocity zone, with a shear-wave velocity drop of 5%, on top of the 410-km discontinuity beneath the northwestern United States, extending from southwestern Oregon to the northern Basin and Range province. This low-velocity zone has a thickness that varies from 20 to 90 km with rapid lateral variations. Its spatial extent coincides with both an anomalous composition of overlying volcanism and seismic 'receiver-function' observations observed above the region. We interpret the lowvelocity zone as a compositional anomaly, possibly due to a dense partial-melt layer, which may be linked to prior subduction of the Farallon plate and back-arc extension. The existence of such a layer could be indicative of high water content in the Earth's transition zone.
Spatial variations in topography of the 410-km and the 660-km discontinuities (referred to here as the 410 and 660) are often inferred from SS precursors (length scale of about 1,500-2,000 km) 3, 4 , near subduction zone depth phase precursors 5 , and receiver function analyses (length scale of about 100-300 km) [6] [7] [8] . The latest efforts consider simultaneous inverting for both mantle velocity and discontinuity topography 3 . In general, the 660 is depressed under cold regions (slabs) as expected, but the 410 appears to be far more complicated [3] [4] [5] . The stacked converted P-to-S phase (Ps) (receiver function) from the 410 is rather weak, complicated and sometimes shows negative pulses above the 410 (ref. 7) .
We first compute one-dimensional (1D) full-waveform synthetics 9 , model the direct S-wave triplications at epicentral distances of 14-178 and explain the timing and amplitude of multiple arrivals coming from fine structures near the 410 (ref. 10) . To resolve the trade-offs between discontinuity topography and mantle velocity directly above or below the discontinuity, we model S-wave triplications at epicentral distances of 21-248. A low-velocity zone (LVZ) on top of the 410 produces a secondary pulse not normally seen at these distances. Using this secondary pulse as a proxy for the existence of an LVZ atop the 410, we examine events located offshore of Washington-Oregon, USA, and recorded by the TriNet broadband network and several temporary PASSCAL broadband arrays (Fig. 1 ). Perturbed velocity structures are shown at the turning point for a given great-circle path because the sensitivity to 410 structure is greatest there 11 . The size of the perturbed structure is estimated as the size of the Fresnel zone in both along-path and cross-path directions. We determine a LVZ directly above the 410 in the northwestern US and cross-validate our finding with receiver-function profiles 7 . Record section A shows typical waveform characteristics sampling this area at epicentral distances of 14-178 (Fig. 2a) . It samples the region beneath the California-Oregon border (Fig. 1) . 
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Relative to the 1D reference model (Supplementary Information), we observe a considerable increase of separation in timing between the branch AB and the branch CD of about 4-6 s (Fig. 2a, c) . At these ranges, the branch AB represents the S wave propagating through the upper mantle and turning at about 200-300 km, and the branch CD represents the S wave bottoming near the 410 (Fig. 2b) . Synthetics calculated from a perturbed 1D model with the 410 depressed by 60 km improve the differential time between the AB and CD branches considerably (model Topo in Fig. 2a) . However, other models can also fit the data equally well (Fig. 2a, Supplementary Fig. S1 ).
Record section B (Supplementary Fig. S2 ) trends more east-west and samples the region beneath the northern Basin and Range including eastern Oregon, northern Nevada and western Idaho (Fig. 1 ). This record section shows similar waveforms to those in record section A and previously introduced models can be used to fit the data (Fig. 2c, Supplementary Fig. S2 ). These record sections indicate that the mantle structure near the 410 is relatively slow beneath the northern Basin and Range. The anomalous structure is probably distributed over areas from the California-Oregon border to the northwestern Basin and Range.
Although it is clear that seismic velocity is slow near 410 km depth, we cannot distinguish between these models: (1) a topographic depression of the 410, (2) a modest decrease in velocity gradient above the 410, (3) a LVZ above the 410, or (4) a hybrid model (LVZA) with the 410 depressed and a LVZ atop the 410 (Fig. 2a, Supplementary Fig. 1 ). It is difficult to explain this anomaly with current three-dimensional (3D) velocity models 12 because variations in shear-wave velocity at these depths are generally small ( Fig. 1) .
At the longer epicentral distances of 21-248, however, it is the branch AB that is bottoming near the 410 (Fig. 2b) . In combination with ray-paths at the shorter distances, they provide strong constraints on the structure near the 410. Travel-time curves from model LVZA on top of the 410 not only explain the differential time of branch AB and branch CD at an epicentral distance of 14-178, but also extend the branch AB from a maximum epicentral distance of 218 to 238 (Fig. 2c) .
Record section C (Fig. 3a) samples the northern Basin and Range province and shows an anomalous secondary pulse emerging at epicentral distances of 22-238, which is also seen in record sections D and F (Fig. 3a, b) . The model with a large topographic depression (60 km) of the 410 does not reproduce this feature. The model with a 40-km-thick LVZ containing a 5% reduction in shear velocity produces the observed secondary pulse, but the separation between the first and secondary pulse appears too large ( Supplementary  Fig. S3 ). We prefer the hybrid model (LVZA), which explains these record sections in both amplitude and timing. This model has the 410 depressed by 20 km and a 20-km-thick LVZ atop the 410 with a 5% reduction in shear velocity.
Owing to the relatively long period of the S waves (about 6-8 s), a trade-off between the thickness and strength of the LVZ still exists. Therefore, we cannot completely exclude a model having a LVZ of 10 km with 10% velocity drop, or a model having a LVZ of 40 km thick with a 2.5% velocity drop. However, record sections at epicentral distances of show that the amplitude of the branch CD predicted by a model having a LVZ with a 10% velocity drop appears too large. Furthermore, receiver-function synthesis (discussed below) indicates that the amplitude of a negative converted pulse due to the existence of a LVZ with only a 2.5% velocity drop cannot explain observed receiver functions. Thus, our preferred model has a 20 km LVZ with a 5% reduction in velocity.
The spatial extent of the LVZ includes regions beneath northern California, Oregon, northern Nevada and southwestern Idaho, Note that, at the shorter distance (for example, 168), the branch CD is primarily sensitive to the structure at the turning point near the depth of 400 km. However, at the longer distance (for example, 228), the branch AB is primarily sensitive to the same structure. c, Triplication curves computed from the 1D model (black line) and model LVZA (thick red line). Observed branches AB and CD of record section A (circle) and record section B (square) are projected with red symbols and blue symbols, respectively (see also Fig. 1 for ray-paths). Note that model LVZA delays the branch CD to fit the above observations but also extends the appearance of the branch AB to epicentral distance of 21-238.
corresponding to an area of about 100,000 km 2 (Fig. 1) . The thickness of the LVZ is about 20 km (Fig. 3a, model LVZA) but appears thicker (70 km thick) beneath the Oregon-Nevada-Idaho border (Fig. 1, Fig. 3a, model LVZB) . In central Nevada, the thickness of the LVZ is up to 90 km (Fig. 1, Fig. 3b, model LVZC) . However, when examining record section E, we find no evidence for a LVZ atop the 410 beneath the central Basin and Range in eastern Nevada (Fig. 1, Fig. 3b ). These observations imply that the variation of the LVZ in thickness is very rapid. This conclusion is supported by receiver function determination 7 , where strongly negative pulses directly above the 410-converted pulses suddenly disappear in profiles east of 1168 W (Fig. 1) . In addition, we note that record sections sampling regions beneath the Juan de Fuca plate show no signs of a LVZ atop the 410 (Fig. 1) .
To validate our result, we produce a synthetic receiver function and compare it to the published result 7 for areas closest to that sampled by record section F. The synthetic receiver function from the preferred model LVZB indeed produces a negative pulse associated with the LVZ atop the 410, but the predicted onset of the negative pulse is late and the converted pulse from the 410 is too strong (Fig. 3c) . The observed receiver-function determination is constructed through stacking multiple receiver-function profiles from various azimuths where both the thickness of the LVZ and the depth of the 410 are probably changing. Under such circumstances, we can produce the complicated converted pulse from the 410 and the negative pulse from the LVZ on top of the 410 (Fig. 3c , see Supplementary Methods). We could not reproduce receiver functions with a strong negative pulse without inserting a LVZ atop the 410.
We note that strongly negative pulses are absent in areas where we detect no LVZ (Fig. 1, large white circles) , whereas converted pulses from the 410 are rather strong and simple (Fig. 1) . In general, we expect the amplitude of the converted phase from the 410 to be smaller than that from the 660 because of its smaller velocity contrast. One possible explanation is that these relatively strong converted pulses from the 410 could be related to the existence of a very thin LVZ on top of the 410, which increases the velocity contrast, but if so, it is too thin to be detected.
Geographically, the anomalous region discussed above coincides with a unique type of mantle-derived basalt exposed in the northwestern United States, low-potassium, high-alumina olivine theoleiites (HAOT) 13, 14 . Noticeably, HAOT is on average ten times more depleted in incompatible elements than any other type of basalt found in the rest of the Basin and Range and the western USA [13] [14] [15] [16] . It is generally believed that formation and eruption of HAOT are strongly linked to extensional tectonics in the back-arc regime. The geographical coincidence between the unique HAOT and the LVZ atop the 410 in the northwestern Basin and Range might suggest that they are probably linked to tectonic processes such as subduction of the Farallon plate and surface extension in the back-arc regime 17 . Other reports of such LVZs directly above the 410 are usually associated with back-arc regimes of ongoing subduction or ancient subduction 5, [18] [19] [20] [21] . If the LVZ is primarily due to variations in mantle temperature, the thickness of the LVZ is expected to vary gradually. However, the thickness of the LVZ varies rapidly over length scales of about 100-200 km. Therefore, we argue against a thermally dominant origin and prefer a compositional anomaly. The presence of partial melt could considerably lower the velocity 22 but this interpretation is directly linked to the water content actually brought into the deep mantle 23, 24 . If the water content is sufficiently high in the transition zone, the LVZ may form directly above the 410 in upwelling material as a result of dehydration melting 25 . For an anhydrous silicate melt, the density of melt can be equal to or larger than that of ambient mantle at depths close to the 410 (refs 26-29) . For a hydrous silicate melt, however, not much information is currently available on its density. If the effect of water on the bulk modulus of solids is considered similar to that on the bulk modulus of melts, while the linear relationship between bulk modulus and density holds 30 , then hydrous melts may be even denser than hydrous solids. Therefore, the LVZs would be relatively stable for long periods of time.
A at or even ahead of the CD branch at these ranges. Note record sections D and E sample regions only 100 km apart (see also Fig. 1 ). No secondary pulse branch AB is observed in record section E at these distances. c, Comparison of stacking receiver-function profile 7 and forward calculations. All traces are normalized by the amplitude of the P wave and shown with a ray parameter of 0.06 s km
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. The left trace shows the receiver-function profile, which samples similar regions to record section F (see also Fig. 1 ). The right trace shows the synthetic receiver function from model LVZB. The middle trace shows a synthetic receiver function by stacking receiver functions computed from multiple 1D models, which have variations in the 410 and the thickness of LVZ (see Supplementary Methods). The arrow points out the negative converted pulse caused by the LVZ on top of the 410.
